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Abstract 
A system comprising two catalysts supported on mesoporous silica nanoparticles (MSNs) 
was employed to perform a sequence of two reactions in a single pot. Palladium 
nanoparticles catalyzed the oxidation of furfuryl alcohol with molecular oxygen at 
atmospheric pressure. The oxidation product, furfural, was then reacted with acetone via 
an aldol condensation catalyzed by amines supported on MSNs. Each reaction was first 
tested individually to establish optimal conditions. Both catalysts were then introduced 
into the same reactor under the proven conditions, and the entire reaction sequence was 
performed giving the desired product with high selectivity. The overall yield of the 
reaction sequence was highly dependent on the relative concentrations of the reactants in 
the mixture. 
 
Keywords  Mesoporous Silica Nanoparticles, Furfural, Tandem Reactions, Multicatalytic 
System, One Pot Process 
 
 
	1 Introduction 
In biological systems, the synthesis of metabolites involves long series of reactions in 
which the product of one chemical transformation serves as the substrate for the 
subsequent reaction.[1] To accomplish these transformations, nature has evolved 
specialized multi-domain enzymes capable of promoting individual reactions of a 
sequence using different active sites. For example, the fatty acid synthase complex 
catalyzes seven different reactions that are required for the biosynthesis of fatty acids.[2] 
While difficult, many research groups have recently embraced the challenge of 
mimicking complex multi-enzymatic structures by designing systems that combine two 
or more catalysts in a single reaction medium. For example, Lobo and his group 
demonstrated the single-pot transformation of xylose to furfural with two catalysts 
performing different functions: Sn-beta zeolite isomerized xylose to xylulose and a 
Brønsted acid catalyst promoted the dehydration of xylulose to furfural.[3] Similarly, 
Palomo, Filice and collaborators produced p-aminophenol by the sequential hydrolysis 
and reduction of p-nitrobenzyl butyrate using a system that included lipase and a metal 
nanoparticle.[4] Ebitani and co-workers combined hydrotalcite, Amberlyst-15 and Ru 
catalysts to perform the one-pot synthesis of 2,5-diformylfuran from glucose via 
isomerization, dehydration and selective oxidation reactions.[5] 
A major advantage of performing multistep reactions in a single pot is the use of 
small solvent volumes for executing the reaction and isolating the intermediates and 
products.[1,6,7] Additionally, this approach minimizes the loss in yield that results from 
the purification of intermediates.[7] In general, one-pot catalytic processes are expected 
to save time, energy, and minimize the production of waste. The main challenge, 
	however, involves the co-existence of incompatible catalytic groups, such as Brønsted 
acids and bases that can neutralize each other. Thus, the development of single-pot 
multicatalytic systems can significantly benefit from the formation of well-defined and 
physically isolated catalytic sites capable of preserving their independent functions in the 
reaction medium. 
A convenient strategy to isolate catalytic groups is to immobilize them in 
confined domains capable of controlling the accessibility of undesirable species. This can 
be accomplished using porous materials as scaffolds. For example, Lin and co-workers 
demonstrated the isolation of two incompatible catalytic groups by binding each one to 
the surface of two different mesoporous silica nanoparticle (MSN) supports. This design 
allowed performing a single-pot reaction sequence involving the acid-catalyzed 
hydrolysis of the dimethyl acetal of p-nitrobenzaldehyde, followed by the base-catalyzed 
addition of nitromethane to the intermediate p-nitrobenzaldehyde.[8,9] The same single-
pot catalytic sequence was performed by Thiel and collaborators using periodic 
mesoporous organosilicas as supports.[10] 
The formation of aliphatic carbon-carbon bonds is an important process that can 
be accomplished through a two-step sequence using cheap and abundant raw materials 
such as alcohols. For instance, alcohols can be oxidized to carbonyl compounds, which 
can then react with each other via aldol condensation to form larger molecules with new 
carbon-carbon bonds. We recently demonstrated the feasibility of this approach by 
developing a hybrid system in which an enzyme, alcohol oxidase, was used to transform 
ethanol into acetaldehyde. The acetaldehyde product then underwent three cycles of self-
aldol condensation catalyzed by an amine-derivatized MSN material.[11] In that study 
	the MSN proved to be a valuable tool to separate both catalysts, preventing the enzyme 
from oxidizing the amine.[12] Although efficient, enzymes are expensive and fragile 
substances that require special reaction conditions to preserve their activity. To avoid 
these problems, we considered modifying this system by replacing the enzyme with a 
more robust catalyst, such as a metal nanoparticle. Herein, we report on the use of 
palladium nanoparticles and amine catalysts supported on MSNs to perform the single-
pot sequential oxidation of alcohols to aldehydes, followed by their coupling via aldol 
condensation. We used furfuryl alcohol and acetone as model reactants to study the 
system (Scheme 1). 
 
Scheme 1 Targeted reaction sequence: furfuryl alcohol is catalytically oxidized to 
furfural, and then undergoes catalytic aldol condensation with acetone. Catalysts are 
palladium nanoparticles and secondary amines supported on mesoporous silica 
nanoparticles for the first and second reaction, respectively. 
 
 
 
 
	2 Experimental 
2.1 Reagents 
Cetyltrimethylammonium bromide (CTAB), mesitylene, toluene, furfuryl alcohol, 
furfural, benzyl alcohol and p-nitrobenzaldehyde were purchased from Sigma-Aldrich. 
Tetraethylorthosilicate (TEOS) and 3-(methylamino)propyl-trimethoxysilane were 
purchased from Gelest.  All reagents were used as received without further purification. 
 
2.2 Synthesis of Mesoporous Silica Nanoparticles 
The mesoporous silica nanoparticles (MSNs) were prepared following a previously 
published method.[13] CTAB (1.0 g, 2.7 mmol) was dissolved in water (480 mL, 26.7 
mol), followed by the addition of NaOH solution (3.5 mL, 2.0 M).  The solution was 
stirred vigorously and heated to 80 °C, followed by dropwise addition of TEOS (4.7 g, 23 
mmol). The reaction was stirred at 80 °C for 2 h to yield a white solid which was filtered, 
washed with copious amounts of water and methanol, and dried under vacuum. The 
CTAB surfactant was then removed by calcination in air at 550 °C for 6h at a rate of 2 °C 
min-1. 
 
2.3 Synthesis of 3-(N-methylamino)propyl functionalized MSN (MAP-MSN) 
3-(N-methylamino)propyltrimethoxysilane (MAP, 396 μL, 2 mmol) was added to 
a toluene suspension (100 ml) of MSN (1.0 g). The suspension was refluxed for 24 hours 
and the resulting material was filtered, washed with methanol and dried under vacuum. 
 
 
	2.4 Synthesis of palladium supported MSN (Pd@MSN) 
 MAP-MSN (0.3 g) was dispersed in water (10 mL), and the pH of the suspension 
was adjusted to 6.5 using 2 M HCl. An aqueous solution of Li2PdCl4 (8 wt. % Pd relative 
to MAP-MSN, 10 mL, pH 6.5) was prepared according to a reported procedure, and 
added to the suspension.[14] The resulting brownish/red mixture was stirred overnight at 
room temperature. The solid was then collected by centrifugation, washed with water, 
and re-dispersed in water (15 mL). To this, an aqueous solution of sodium borohydride (2 
mL, 0.45 M) was added dropwise and stirred for 30 minutes. The black solid was 
collected by centrifugation, washed with water and acetone, and dried under vacuum 
overnight. 
 
2.5 Characterization 
Surface areas, pore volumes and pore size distributions of the catalysts were 
measured by nitrogen sorption isotherms in a Micromeritics Tristar analyzer, and 
calculated by the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) 
methods. Powder X-ray diffraction patterns were obtained with a Rigaku Ultima IV 
diffractometer using Cu target at 40 kV and 44 mA. Transmission electron microscopy 
(TEM) imaging was performed on a Tecnai G2 F20 electron microscope operated at 200 
kV. Samples were prepared by placing a methanolic solution of the samples on copper 
grids (Ted Pella, Inc.) and drying in air. Thermal gravimetric analysis (TGA) were 
performed on a Thermal Instruments Discovery system in air in the range from 25 to 
800°C at a rate of 5°C min-1. 
 
	2.6 Procedure for Oxidation Reactions 
Pd@MSN catalyst (10 mg), furfuryl alcohol (35 μL, 0.4 mmol) and solvent 
(mesitylene or toluene, 5.00 mL) were placed in a round bottom flask. The flask was then 
capped with a septum and purged with oxygen. An oxygen-filled balloon was placed atop 
the flask to ensure an oxygen-rich environment throughout the reaction. The flask was 
then placed into a pre-heated oil bath (100 °C) and stirred for 3 h. The mixture was then 
centrifuged and the supernatant analyzed by GC-MS. 
 
2.7 Procedure for Aldol Reactions 
Furfural (33 μL, 0.4mmol) and MAP-MSN catalyst (10 mg) were added to a 
mixture of acetone (34.05 mmol, 2.5 ml) and mesitylene (2.5 ml) in a screw-cap vial. The 
vial was then placed into a pre-heated oil bath (100 °C) for 3 h. The mixture was then 
centrifuged and the supernatant analyzed by GC-MS. 
 
2.8 Procedure for Temperature Dependency of Aldol Reactions 
Reaction mixtures containing p-nitrobenzaldehyde (60 mg, 0.39 mmol), MAP-
MSN catalyst (10 mg), acetone (1.5 mL) and hexane (1.5 mL) were stirred at different 
temperatures for 12 h. The mixtures were then set on ice to quench the reactions. The 
catalyst was separated from each mixture by centrifugation and the supernatants were 
collected and concentrated under reduced pressure. The yield of the products in each 
reaction was determined by 1H NMR, using dimethyl sulfone as an internal standard.  
 
 
	2.9 Procedure for Single-Pot Catalytic Sequence 
 Pd@MSN (10 mg), MAP-MSN (10 mg), furfuryl alcohol (35 μL, 0.4 mmol) and 
different amounts of acetone (0.4, 2.7, 5.4, 6.8, 13.6, 20.4 and 34 mmol) were added to 
mesitylene to obtain a total volume of 5.00 mL in a round bottom flask. The flask was 
then capped with a septum and purged with oxygen. An oxygen-filled balloon was placed 
atop the flask to ensure an oxygen-rich environment throughout the reaction. The flask 
was then placed into a pre-heated oil bath (100 °C) and stirred for 3 h. The mixture was 
then centrifuged and the supernatant analyzed by GC-MS. To improve conversion the 
amounts of catalysts were increased to 100 mg and 50 mg for Pd@MSN and MAP-MSN 
respectively. 
 
2.10 Catalyst Regeneration 
 The physical mixture of Pd@MSN and MAP-MSN recovered after the third 
cycling experiment (1.289 g) was washed, dried under vacuum overnight and then 
redispersed in 20 mL of water. To this, an aqueous solution of NaBH4 (18.2 mg, 0.48 
mmol, 5 mL) was added dropwise at room temperature under stirring. The suspension 
was allowed to stir for 30 minutes at room temperature, washed with water until pH-
neutral, and was then dried under vacuum overnight. 
 
3 Results and Discussion 
3.1 Materials Synthesis and Characterization 
The system consisted of two different catalysts supported on mesoporous silica 
nanoparticles (MSNs), namely: palladium nanoparticles that catalyze alcohol oxidation 
	and secondary amine groups that catalyze aldol condensation (Scheme 1).[15-17] The 
high surface area MSN support was synthesized using cetyltrimethylammonium bromide 
as a template, and the template was later removed by calcination in air at 550 °C. 
Nitrogen sorption and low angle XRD analyses indicated the support was mesoporous, 
with a 2D hexagonal (p6mm) array of pores characteristic of MCM-41 type materials 
(Table 1, Fig. 1).[18] 
 
Fig. 1 a Powder XRD patterns and b nitrogen sorption isotherms of parent MSNs (top, 
black circles), Pd@MSNs (middle, gray circles) and MAP-MSNs (bottom, white circles).	
 
To prepare the oxidation catalyst, the parent MSN was initially grafted with 3-(N-
methylamino)propyl-trimethoxysilane which would act as a ligand for palladium 
precursors. Following impregnation of the material with Li2PdCl4, the composite was 
reduced with NaBH4 to form the Pd@MSN catalyst. Low angle XRD measurement 
	indicated the formation of Pd nanoparticles did not disrupt the pore structure of the 
material (Fig. 1a). While the surface area and pore volume of the material were 
significantly lower than those of the parent MSN (26 and 36 % respectively), the pore 
size remained constant, suggesting most of the palladium nanoparticles were formed 
inside the pores (Table 1, Fig. 1b). The wide angle XRD pattern of the material 
confirmed the formation of metallic Pd (fcc, ICCD card 89-4897), and the broad 
reflections suggested small crystallites (Fig. 2a). Estimation of crystallite size using 
Scherrer equation indicated 1.8 nm, which is slightly smaller than the pore width of the 
MSN support and is consistent with the notion that the growth of most particles was 
limited by the width of the mesopores. The deposition of Pd on MSN was further 
confirmed by TEM and STEM imaging, the average particle size of the Pd estimated 
from the images was 2.7 ± 1.0 nm (Fig. 2b, c). 
 
Fig. 2 a Wide angle powder XRD pattern, b TEM and c STEM images of Pd@MSN. 
	The aldol catalyst was prepared by grafting the parent MSN with 3-(N-
methylamino)propyl-trimethoxysilane. The resulting 3-(N-methylamino)propyl-modified 
material (MAP-MSN) also had smaller surface area and pore volume than the parent 
MSN. In contrast to Pd@MSN, the pore width of MAP-MSN was significantly reduced 
with respect to the parent MSN, suggesting the formation of a dense layer of amine on 
the surface of the material (Table 1, Fig. 1b). Thermal gravimetric analysis indicated the 
loading of amines in the material was 1.4 mmol g-1, which corresponds to a relatively 
dense packing of amine groups (1.1 groups nm-2). Low angle XRD measurement 
indicated that despite the decrease in surface properties, the hexagonal pore structure of 
the material remained intact (Fig. 1a). 
Table 1 Physicochemical properties of the catalysts. 
Catalyst Surface Area (m2 g-1) 
Pore Volume 
(cm3 g-1) 
Pore Size 
(nm) 
Catalyst load 
(mmol g-1) 
Parent MSN 931 0.816 2.5   − 
Pd@MSN 687 0.517 2.5     0.75 
MAP-MSN  771 0.481 2.1 1.4 
 
3.2 Oxidation of Furfuryl Alcohol Catalyzed by Pd@MSN 
The catalytic oxidation of furfuryl alcohol was performed at 100 °C with 1.9 mole % of 
Pd@MSN under oxygen at atmospheric pressure. Consistent with previous reports, the 
oxidation gave higher conversion using mesitylene instead of toluene as a solvent (49.8 
% versus 28.0 %, respectively).[15] No carboxylic acids, esters or other oxidation 
byproducts were observed by GC-MS, indicating a clean reaction. Interestingly, the 
catalyst prepared by reduction of the Pd-impregnated material with H2 was 30 times less 
	active than the one reduced with NaBH4. No differences in Pd particle size were observed 
between samples reduced with H2 and samples reduced with NaBH4. Thus, we consider 
that the difference in activity could be due to the formation of basic sites on the support 
by NaBH4. The oxidation of alcohols catalyzed by Pd, Pt or Au typically uses base 
promoters such as hydroxide or carbonate to facilitate proton abstraction from the 
hydroxyl groups.[19,20] Reduction of Pd precursor with NaBH4 in aqueous media leads 
to formation of sodium metaborate, which raises the pH of the solution and eventually 
deprotonates silanol groups or even breaks Si-O-Si bonds of the silica support.[21] Thus, 
it is likely that the Pd@MSN produced using NaBH4 turned the weakly acidic surface 
silanols of MSN into their conjugate bases, which then assisted the oxidation catalyzed 
by Pd. Similar enhancement of the activity of Pd(OAc)2/DMSO in the oxidation of 
alcohols has been observed using molecular sieves, which act as Brønsted bases in the 
reaction.[22] 
 
3.3 Condensation of Furfural and Acetone Catalyzed by MAP-MSN 
The aldol condensation was performed using a secondary amine as a catalyst instead of a 
primary amine to prevent poisoning by imine formation.[16] While this reaction can be 
performed at temperatures lower than 100 °C, the Pd@MSN catalyzed oxidation gave 
significantly lower conversion at temperatures below this value. Since the oxidation 
reaction was run in mesitylene, the same solvent was employed for the condensation 
reaction. In fact, the use of this solvent determined the choice of the amine, as non-polar 
solvents favor the catalytic activity of secondary amines over primary amines for the 
aldol reaction.[17] Using 3 mole % catalyst led to a 33 % conversion over 3 h of reaction, 
	with 100 % selectivity for the mono-condensation product (Scheme 1, Product D). The 
high selectivity of the reaction can be explained by two different factors: the use of a 
large excess of acetone and the high temperature of the reaction. The excess of acetone 
prevented the possibility of two furfural molecules reacting with a single molecule of 
acetone, which would give the di-substitution products B, C and E. Performing the 
reaction at 100°C facilitated the elimination of water to give condensation product D 
rather than the aldol, A. This elimination is further aided by conjugation of the newly 
formed double bond with the furan ring. In fact, a good correlation between the 
temperature of reaction and the relative amounts of the aldol and the condensation 
products can be observed for the MAP-MSN catalyzed reaction between p-
nitrobenzaldehyde and acetone (Fig. 3). 
 
Fig. 3 Temperature dependence of the selectivity of aldol (white circles) and 
condensation (black circles) products for the MAP-MSN catalyzed reaction between p-
nitrobenzaldehyde and acetone. The reactions were performed for 12 h, and each one 
proceeded with 100 % conversion. 
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	3.4 One-Pot Two-Step Reaction Sequence 
To perform the catalytic sequence, both materials MAP-MSN and Pd@MSN were added 
to a solution of furfuryl alcohol and acetone in mesitylene. The mixture was set under 
oxygen at atmospheric pressure and 100°C. When the reaction was performed using 
equimolar amounts of furfuryl alcohol and acetone, 64 % conversion was observed for 
the oxidation step but no aldol product was detected. This result suggested the 
concentration of acetone in the medium was too low to produce sufficient enamine 
intermediate for the reaction to take place. Using an excess of acetone similar to that 
employed in the MAP-MSN catalyzed aldol condensation (section 3.3) gave neither 
product of oxidation nor of condensation. GC-MS analysis of the solution indicated the 
presence of acetone, the unreacted furfuryl alcohol, and products of the self-aldol reaction 
of acetone. This result was likely due to the excess of acetone coordinating to the surface 
of the Pd catalyst, thereby preventing the furfuryl alcohol substrate from binding to 
it.[15,23] Thus, the success of the catalytic sequence depended on establishing an optimal 
concentration of acetone, which should be sufficiently high to enable the aldol 
condensation, but low enough to avoid saturating the surface of Pd. Indeed, by testing a 
series of molar ratios of acetone to furfuryl alcohol, an optimal value close to 17 : 1 was 
determined (Fig. 4). The concentrations of products and intermediates provided a clear 
picture of the effects of the amount of acetone on the reaction sequence (Table 2). The 
highest conversions of furfuryl alcohol were obtained at the lowest concentrations of 
acetone but led to little condensation products. Higher amounts of acetone led to 
decreased conversions but favored the transformation of the furfural intermediate into the 
condensation product 4-(furan-2-yl)but-3-en-2-one (product D in Scheme 1), with the 
	yield of the condensation product first surpassing that of furfural at a ratio of 13.6 : 1. No 
furfural intermediate was observed at ratios higher than 17 : 1, implying that all the 
furfural produced had reacted to give the aldol condensation product. Out of the five 
possible condensation products, only 4-(furan-2-yl)but-3-en-2-one was observed. As 
discussed in the previous section, the excess of acetone in the reaction prevented the 
formation of the bi-condensation products B, C and E, and the high temperature 
employed led to the preferential formation of the condensation product D over the aldol 
product A. 
 
Fig. 4 Formation of 4-(furan-2-yl)but-3-en-2-one as a function of the molar ratio of 
reactants. 
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	Table 2 Product distribution of the sequential reaction as a function of the molar ratio of 
the reactants.  
Molar Ratio 
Acetone : Furfuryl Alcohol 
Conversion 
(%) 
Furfural 
(%) 
Condensation 
Product (%)a 
1.0 63.7 63.7 0 
6.8 37.1 35.9 1.2 
13.6 6.0 2.9 3.1 
17 10.4 2.7 7.7 
34 1.8 0 1.8 
51 0.8 0 0.8 
85 1.0 0 1.0 
 
a The only condensation product obtained was 4-(furan-2-yl)but-3-en-2-one, none of the 
other four possible products was observed (Scheme 1). 
 
 Based on the results of this screening, the amounts of catalysts and the reaction 
time were increased to 100 mg Pd@MSN and 50 mg MAP-MSN, and 6 h respectively. 
Keeping the reaction temperature at 100°C and the acetone : furfuryl alcohol ratio at 17:1 
led to a 91.5 % conversion with 71.2 % yield of 4-(furan-2-yl)but-3-en-2-one. No other 
condensation product was observed, and 20.3 % of intermediate furfural remained in the 
solution. Recycling of the catalyst led to a moderate decrease in the conversion (from 
91.5 to 70.6 % and 72.8 % in the first, second and third cycles respectively), however, the 
yield of the condensation product 4-(furan-2-yl)but-3-en-2-one decreased steadily (from 
	71.2% to 40.5 % and 15.6 %) while the yield of the intermediate furfural increased (from 
20.3 % to 30.1 % and 57.2 %) (Fig. 5). 
 
Fig. 5 Conversion of the sequential reaction and yields of furfural intermediate and 4-
(furan-2-yl)but-3-en-2-one product over three reaction cycles. 
 The conversion of furfuryl alcohol decreased from 91.5 % to around 70 % in the 
second cycle, but no further decrease was observed in the third cycle (Fig. 5). Since the 
conversion of the alcohol was dependent on the reaction catalyzed by Pd, the decrease 
observed after the first run could be due to leaching of Pd.  However, ICP-OES analysis 
of the solutions after each reaction cycle indicated loss of Pd was insignificant (less than 
0.0015% Pd in each cycle). Therefore, the decrease in conversion could be due either to 
partial deactivation of the catalyst or to loss of accessibility to the active sites resulting 
from partial collapse of the pores. 
The increase in yield of furfural intermediate and the decrease of the condensation 
product upon recycling suggested a significant loss in the activity of the MAP-MSN 
catalyst. A possible explanation for the loss in activity would be the oxidation of the 
amine groups. Indeed, reaction of the spent catalyst with ninhydrin indicated loss of 
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	amine functionality. This problem, however, was solved by regeneration of the catalyst 
using NaBH4. The regenerated catalyst gave a 73.4 % conversion of furfuryl alcohol, 
which was similar to the conversion observed after the second and third recycles. The 
yield of the condensation product (4-(furan-2-yl)but-3-en-2-one) using the regenerated 
catalyst was very similar to that obtained in the first reaction cycle (70.1% versus 71.2%), 
confirming the activity of MAP-MSN was completely recovered upon treatment with 
NaBH4. 
 
4 Conclusions 
A bi-catalytic system was successfully developed to perform the sequential conversion of 
simple alcohols into carbonyl compounds, and the coupling of the carbonyl compounds 
with each other to give increasingly complex molecules. The complete process was 
performed in a single pot using furfuryl alcohol and acetone as reagents, and molecular 
oxygen at atmospheric pressure as oxidant. The oxidation reaction was catalyzed by Pd 
nanoparticles supported on MSNs and the efficiency of the process depended on the 
method of preparation of the catalyst: reduction with NaBH4 gave a more active catalyst 
than reduction with H2. The aldol condensation using MAP-MSN gave exclusively the 
α,β-unsaturated carbonyl compound, presumably due to the high temperature of reaction 
and the conjugation with the furan ring of the product. The product distribution of the 
single-pot sequential conversion using the two catalytic materials was highly dependent 
on the amount of acetone included in the system. Large amounts of acetone benefited the 
aldol condensation but inhibited the oxidation reaction, very likely by competing with the 
alcohol substrate for binding to the surface of the Pd catalyst. Therefore, optimization of 
	the process involved adjusting the initial concentration of acetone in the reaction 
medium. The catalytic activity of MAP-MSN decreased dramatically after one reaction 
sequence possibly due to oxidation of the amine groups, but the activity could be 
recovered by regeneration with NaBH4. We envision this design could be further 
expanded from bi-catalytic to multi-catalytic processes that could enable the 
simplification of the syntheses of a wide variety of commodity chemicals. 
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